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Diverse immune cells participate in the regu-

lation of visceral adipose tissue (VAT) and meta-

bolic homeostasis. With obesity, pro-in�ammatory 

macrophages, neutrophils, CD8+ T cells, CD4+ 

Th1 cells, and mast cells accumulate in VAT 

and contribute to local and systemic in�am-

mation, ultimately promoting insulin resistance 

and the development of metabolic syndrome and 

type 2 diabetes; in contrast, normal lean VAT 

contains eosinophils, alternatively activated mac-

rophages (AAM), invariant natural killer T cells 

(iNKTs), and regulatory T (T reg) cells that can 

promote insulin sensitivity and metabolic homeo-

stasis (Chawla et al., 2011; Schipper et al., 2012; 

Wu et al., 2011). How lean, healthy VAT recruits 

and sustains these distinct immune cell types re-

mains largely unknown.

We previously reported that eosinophils  

reside in VAT and that eosinophil de�ciency 

impairs Arginase-1+ AAM accumulation. VAT 

eosinophils are abundant in IL-5 transgenic mice 

and promote AAM accumulation and insulin  

sensitivity (Wu et al., 2011; Chawla et al., 2011). 

Prolonged VAT eosinophilia after helminth  

infection is also correlated with improved met-

abolic parameters in animals challenged with 

high-fat diet (HFD; Wu et al., 2011). Eosino-

phil production, bone marrow release and tis-

sue recruitment and retention depend on several 

cytokines, chemokines, and integrins. IL-5 is 

integral at multiple levels, promoting eosino-

phil bone marrow production, release, and tis-

sue recruitment, and is required for optimal 

systemic and local eosinophilia in diverse mod-

els of allergic in�ammatory responses (Mould 

et al., 1997; Kopf et al., 1996; Foster et al., 

1996). In contrast, IL-5 de�ciency in unper-

turbed animals leads to a modest reduction in 

bone marrow, blood, and gastrointestinal tract 

eosinophil levels, indicating eosinophil produc-

tion and recruitment to certain tissues can occur 
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Eosinophils in visceral adipose tissue (VAT) have been implicated in metabolic homeostasis 

and the maintenance of alternatively activated macrophages (AAMs). The absence of 

eosinophils can lead to adiposity and systemic insulin resistance in experimental animals, 

but what maintains eosinophils in adipose tissue is unknown. We show that interleukin-5 

(IL-5) de�ciency profoundly impairs VAT eosinophil accumulation and results in increased 

adiposity and insulin resistance when animals are placed on a high-fat diet. Innate lym-

phoid type 2 cells (ILC2s) are resident in VAT and are the major source of IL-5 and IL-13, 

which promote the accumulation of eosinophils and AAM. Deletion of ILC2s causes signi�-

cant reductions in VAT eosinophils and AAMs, and also impairs the expansion of VAT 

eosinophils after infection with Nippostrongylus brasiliensis, an intestinal parasite associ-

ated with increased adipose ILC2 cytokine production and enhanced insulin sensitivity. 

Further, IL-33, a cytokine previously shown to promote cytokine production by ILC2s, leads 

to rapid ILC2-dependent increases in VAT eosinophils and AAMs. Thus, ILC2s are resident in 

VAT and promote eosinophils and AAM implicated in metabolic homeostasis, and this axis 

is enhanced during Th2-associated immune stimulation.
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To control for potential genetic or microbiome contribu-

tions to these phenotypes, we compared IL-5–de�cient Red5 

homozygote and IL-5-su�cient Red5 heterozygote mice. 

Eosinophil-de�cient and IL-5-de�cient animals fed HFD for 

18–20 wk gained more weight (Fig. 1 a), with increased total 

body adiposity (Fig. 1 b) and perigonadal VAT weight (Fig. 1 c), 

as compared with IL-5–su�cient mice. Fasting glucose levels 

were elevated in both strains of mice (Fig. 1 d), and both had 

impaired glucose (Fig. 1 e) and insulin tolerance (Fig. 1 f and 

unpublished data). These �ndings support and extend our 

previous results (Wu et al., 2011) to implicate IL-5 in meta-

bolic homeostasis.

To further understand the mechanisms by which eosino-

phils and IL-5 in�uence metabolism, we placed eosinophil-

de�cient and -su�cient animals on HFD for 12 wk in metabolic 

cages. Although food and water intake and physical activity 

were not altered (unpublished data), total oxygen consump-

tion (VO2) and energy utilization (heat) were decreased in 

eosinophil-deficient mice (Fig. 1, g and h); similar results  

occurred in IL-5–de�cient animals (unpublished data). Thus, 

eosinophils and IL-5 do not alter caloric intake or caloric ex-

penditures by enhancing physical activity. Instead, they may 

act in metabolically relevant tissue to promote increased oxi-

dative metabolism and limit in�ammation. Consistent with 

these �ndings, activation of iNKT IL-4 production (Lynch  

et al., 2012; Ji et al., 2012a) or exogenous IL-4 administration 

(Ricardo-Gonzalez et al., 2010) each promoted loss of adi-

posity and insulin sensitivity.

ILC2s are the major source of IL-5 and IL-13 in VAT
ILC2s have been implicated in promoting eosinophil in�ux 

into tissues such as the lung and intestines during allergic in-

�ammation (Neill et al., 2010; Price et al., 2010; Liang et al., 

2012). We used �ow cytometry to analyze perigonadal VAT 

to ascertain a potential role for ILC2s in controlling eosino-

phils in this tissue. Perigonadal adipose tissue was isolated and 

digested to yield the stromal vascular fraction (SVF) enriched 

for hematopoietic cells, endothelial cells, and other stromal 

components, but devoid of adipocytes. After using lineage 

markers to exclude B cells, T cells, and NK cells, we could 

readily identify a discrete population of lymphoid cells in the 

SVF-expressing receptors for IL-2 (CD25), IL-7, and IL-33 

(Fig. 2, a and b), as well as intracellular Gata3 (Fig. 2 b). 

These markers were previously demonstrated for ILC2s 

(Moro et al., 2010; Neill et al., 2010; Price et al., 2010). Similar 

to other ILC2s, VAT ILC2s were present in Rag-de�cient 

mice but absent in Rag x c-de�cient and IL-7R–de�cient 

mice (Fig. 2, a–c), strains previously shown to lack ILC2s. 

VAT ILC2s were present in male and female mice and in 

C57BL/6 and BALB/c mice in both WT and Rag-de�cient 

(T/B cell–de�cient) backgrounds, although consistently more 

abundant in C57BL/6 mice (see also Fig. 4 d, bottom, and 

not depicted). Thus, the SVF of perigonadal adipose tissue 

contains innate lymphoid cells with the phenotype of pre-

viously described ILC2s (Moro et al., 2010; Neill et al., 2010; 

Price et al., 2010).

without IL-5 (Mishra et al., 1999; Kopf et al., 1996). Eotax-

ins (CCL11 and CCL24) are chemokines that recruit eo-

sinophils, are central to eosinophil maintenance within the 

gastrointestinal tract, and can be up-regulated by IL-13 dur-

ing allergic in�ammation (Mishra et al., 1999; Rothenberg 

and Hogan, 2006; Voehringer et al., 2007). Eosinophils also 

use endothelial cell integrins, which can be increased by IL-4 

and IL-13, to tra�c into tissues (Blanchard and Rothenberg, 

2009). The relative dependence of VAT eosinophils on these 

factors, including IL-4, IL-5, and IL-13, remains unknown.

Innate lymphoid type 2 cells (ILC2s) are recently charac-

terized innate cells widely distributed in mammalian tissues 

(Spits and Di Santo, 2011). Also, designated innate helper 

type 2 cells (Price et al., 2010), nuocytes (Neill et al., 2010), or 

natural helper cells (Moro et al., 2010), ILC2s share features 

with other populations of innate lymphocytes, including NK 

cells (ILC1) and ILC3, comprising the RORt-dependent 

ILC: lymphoid tissue-inducer cells (LTic), innate IL-22 pro-

ducing cells (also referred to as NK22, ILC22, NCR22, and 

NKR+ LTic) and innate IL-17-producing cells (Spits and  

Di Santo, 2011). ILCs all share a dependence on the transcrip-

tion factor Id2 and the common- chain (c) cytokine re-

ceptor (Spits and Di Santo, 2011). In response to the epithelial 

cytokines IL-25 and IL-33, ILC2s expand and produce large 

amounts of type 2 cytokines, particularly IL-13 and IL-5 

(Hurst et al., 2002; Price et al., 2010; Moro et al., 2010; Neill 

et al., 2010), which can promote AAMs and eosinophils, re-

spectively (Blanchard and Rothenberg, 2009; Martinez et al., 

2009). Although ILC2s are functionally similar to CD4+  

T helper type 2 (Th2) cells (Price et al., 2010), ILC2s are widely 

distributed within tissues independent of antigenic stimula-

tion and appear poised to respond to epithelial signals. One of 

the earliest descriptions of ILC2s identi�ed them within lym-

phoid structures in mouse and human mesenteric adipose tis-

sues (Moro et al., 2010). With this in mind, we sought to 

quantify ILC2s in metabolically active perigonadal VAT and 

determine whether these cells and the cytokines they pro-

duce, including IL-5 and IL-13, were responsible for the  

localization of eosinophils and AAMs to this tissue under basal 

conditions and after their activation by cytokines or in re-

sponse to intestinal helminth infection.

RESULTS
Eosinophils and IL-5 promote insulin  
sensitivity and lean physiology
We previously reported metabolic consequences of eosino-

phil de�ciency using dblGata1 mice (Wu et al., 2011). Be-

cause IL-5 can promote local and systemic eosinophilia, we 

compared metabolic parameters in eosinophil-de�cient and 

IL-5–de�cient C57BL/6 mice during HFD challenge. We used 

Red5 mice, which contain a tandem-dimer red �uorescent 

protein (tdTomato) linked by an internal ribosomal entry site 

(IRES) to a Cre element, replacing the �rst exon of the il5 

gene (unpublished data), thus marking cells producing IL-5; 

Red5 homozygous mice are IL-5–de�cient and the Cre ele-

ment facilitates deletional studies based on IL-5 expression. 
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CD25 (IL2R), IL33R (T1/ST2), CD122 (IL2R), Thy1.2 

(CD90.2), c-Kit, Sca-1, and KRLG1, and were uniformly 

negative for T cell markers, including CD4, CD8, CD3, 

TCR-, and TCR- (Fig. 2 e), consistent with previously 

described ILC2s (Moro et al., 2010; Neill et al., 2010; Price 

et al., 2010). VAT B cells, CD8+ T cells, CD3+ CD4 CD8 

“double-negative” T cells, macrophages, eosinophils, and  

-galactosylceramide (GC)-reactive invariant NKT cells 

(iNKT) did not show IL-5 �uorescence (Fig. 2 f and gating 

in Fig. S2), consistent with previous studies about lung IL-5+ 

cells (Ikutani et al., 2012). Similar results were found for VAT 

IL-13–expressing cells, although small percentages of eosino-

phils (0.2–0.4%) and iNKT cells (3–5%) expressed IL-13  

using lineage-tracked expression (Fig. 2 g). After prolonged 

IL-33 administration or helminth infection, ILC2s remain 

To assess the contribution of VAT ILC2s to the total IL-5 

and IL-13 cytokine production in VAT, we used reporter 

mice with knock-in �uorescent alleles at various gene loci, 

thus allowing interrogation of the cytokine expression of these 

cells without the need for restimulation ex vivo. Both adi-

pose SVF cells from Red5 mice, which mark IL-5–expressing 

cells with tdTomato expression, and YetCre13 x ROSA-

YFP mice, which functionally mark cells that have ever ex-

pressed IL-13 by establishing constitutive YFP expression from 

the ROSA26 locus (Price et al., 2010), each contained cells 

marked by in situ IL-5 and IL-13 expression (Fig. 2 d). IL-5–

expressing cells were negative for the myeloid marker CD11b, 

and included a small subset of CD4+ CD3e+ IL33R+ (T1/ST2+) 

Th2 cells (5–15%) and a large population of lineage-negative 

cells (85–95%). These VAT lineage-negative cells expressed 

Figure 1. De�ciency of IL-5 or eosino-
phils promotes obesity and insulin resis-
tance and decreases oxidative respiration 
and heat production in mice on HFD.  
(a–c) Mice of the indicated genotype were  

fed HFD or ND for 18–20 wk, and then total 

weight (a), percent adiposity by EchoMRI (b), 

and terminal perigonadal VAT weight (c)  

were determined. Results are representative 

of three independent experiments and  

include four to six animals per cohort. Fasting 

blood glucose (d), glucose tolerance testing  

(e) and insulin tolerance testing (f) were per-

formed in mice on ND or HFD for 18–20 wk. 

Results are representative of three experi-

ments. IL-5+/, Red5 C57BL/6 R/+ heterozy-

gotes; IL-5/, Red5R/R homozygous IL-5 

knockouts. (g and h) CLAMS analysis was 

performed using individually housed groups 

of six C57BL/6 or C57BL/6 dblGata1 eosinophil-

de�cient mice after maintenance on HFD for 

12 wk. Variations in oxygen consumption (g) 

and energy expenditure over time (h) were 

pooled among animals in each group and 

statistical analysis was performed using pair-

wise comparisons. Error bars are the mean ± 

SEM. P-values are shown.
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Figure 2. ILC2s are resident within VAT and are the primary cells expressing IL-5 and IL-13. (a and b) Representative ILC2s FACS plots (a and b) 

and frequency (c) of ILC2s from the VAT SVF of Rag2-de�cient, WT, IL7Ra-de�cient, and Rag2× c–de�cient C57BL/6 mice. Cells were pregated on lin 

lymphoid cells (CD11b, F4/80, SiglecF, SSC-lo, FSC-lo, CD45+; a) or lin CD3e CD4 (b). (d) Representative �ow cytometry plots showing frequencies 

of IL-13+ and IL-5+ cells among various cell populations in VAT. (e) Expression of the indicated surface markers on VAT IL-5+ lin cells (ILC2, red line) 

compared with VAT CD3+ T cells (blue line) and isotype controls (gray; a–e) Data are representative of two or more experiments. (f and g) IL-5 and IL-13 
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ILC2s are required to sustain adipose eosinophils and AAMs
Eosinophils home to and are sustained in VAT, where they 

promote AAM maintenance and systemic insulin sensitivity 

(Wu et al., 2011). As assessed after mitotic labeling during bone 

marrow di�erentiation, eosinophils had signi�cantly lower turn-

over in VAT as compared with spleen and lung, consistent with 

the presence of recruitment, retention, or survival signals in adi-

pose tissue (Fig. 4 a). Although present in Rag-de�cient mice, 

VAT eosinophils were substantially and tissue-speci�cally re-

duced in Rag x c-de�cient mice that lack ILC2s (Fig. 4 b). 

Prolonged HFD results in a decline of VAT eosinophils, as 

previously described (Wu et al., 2011), which is associated 

with a loss of VAT ILC2s but increased numbers of total VAT 

macrophages and CD8+ T cells (Fig. 4 c). In contrast, lung ILC2s 

were not reduced after HFD (unpublished data). Indeed, VAT 

ILC2 cell numbers correlate strongly with VAT eosinophils 

across multiple mouse WT strains, genetic mutations, and di-

etary perturbations, whereas total CD4+ T cells show no cor-

responding correlation (Fig. 4 d).

To assess the e�ects of deleting IL-13–expressing ILC2s on 

adipose eosinophils, we crossed the YetCre13 mice to ROSA-

DTA deleter mice, which led to diphtheria toxin A–mediated 

death of cells that express IL-13 (Voehringer et al., 2008). These 

IL-13 deleter mice had an 40% loss of adipose ILC2s, consis-

tent with the IL-13 expression data (Fig. 4 e), and had a signi�cant 

reduction in adipose tissue eosinophils that was not apparent in 

spleen or bone marrow (Fig. 4 f). Total VAT CD4+ T cells and 

macrophages were not a�ected by deletion of IL-13–producing 

cells (Fig. 4 e), although rare IL-13+ CD4+ T cells were likely 

deleted. In contrast to the IL-13 deleter mice, de�ciency of 

IL-4/IL-13 or STAT6 did not a�ect basal levels of VAT or 

spleen eosinophils (Fig. 4, d and g, unpublished data), indicat-

ing that although VAT ILC2s can produce IL-13, other ILC2-

derived factors are required to sustain VAT eosinophils.

We performed similar studies using Red5 mice, which 

contain a disrupted il5 gene replaced with a �uorescent td-

Tomato with an embedded Cre recombinase. Eosinophils in 

adipose were strongly dependent on IL-5. Thus, Red5 het-

erozygous mice (IL-5+/) had fewer adipose eosinophils than 

did mice with two intact il5 alleles (WT), and IL-5–de�cient 

Red5 homozygous mice (IL-5/) containing two marker 

alleles were drastically depleted of adipose eosinophils (Fig. 4 h). 

These e�ects of IL-5 de�ciency were greater on adipose eosin-

ophils compared with systemic eosinophils, with a 12–14-fold 

reduction in VAT (Fig. 4 h) versus a 2–3-fold reduction in 

spleen, blood, and small intestine (unpublished data). Although 

IL-5–de�cient Red5 homozygous mice, similar to prior 

studies in eosinophil-de�cient mice (Price et al., 2010), had 

normal numbers of ILC2s (unpublished data), Red5 mice 

containing a ROSA-DTA deleter allele exhibited signi�cant 

depletion of total adipose ILC2s (Fig. 4 i), IL-5+ (Red5+) 

the predominant IL-5– and IL-13–expressing cells, with no 

signi�cant increased expression by macrophages, eosinophils, 

or other lymphocytes (Figs. S1 and S2 and unpublished data). 

Together, these results establish that ILC2s are the predom-

inant IL-5– and IL-13–expressing cells in VAT and that 

rare Th2 cells account for most of the remaining cytokine-

expressing cells.

As assessed using these reporter alleles, signi�cant pro-

portions of VAT ILC2s spontaneously produced IL-5 and  

IL-13 (Fig. 3, a and b), and this was particularly striking for 

IL-5. We could identify no phenotypic di�erences between 

cytokine-positive and -negative ILC2s, suggesting a uniform 

population with variable cytokine expression. IL-13 cytokine-

marked cells, the great majority of which are ILC2s (Fig. 2 d), 

were readily detected in close apposition to the adipose vas-

culature and dispersed within VAT (Fig. 3c). Unlike ILC2s 

reported in mesenteric lymph nodes and mesenteric lymphoid 

clusters (Moro et al., 2010), we were unable to identify dis-

crete lymphoid structures within perigonadal adipose tissue 

(unpublished data). In contrast to VAT ILC2s, bone marrow 

ILC2s (lineage IL7R+ T1/ST2+; Brickshawana et al., 2011), 

which were also described as ILC2 precursors (Hoyler et al., 

2012), did not express basal IL-13 as assessed with IL-13 lin-

eage tracking (2.0 ± 0.3%, n = 8), although marrow ILC2s 

were predominantly IL-4 competent, as assessed using cells 

from 4get mice (85.5 ± 7.4%, n = 3). Although a subset of 

VAT ILC2s were competent to make IL-4 (4get+; Fig. 3,  

a and b), they were unmarked by reporter expression in KN2 

mice (unpublished data), whose cells contain an IL-4 replace-

ment allele and reveal cells actively producing IL-4 in situ 

(Mohrs et al., 2001; Wu et al., 2011), as previously described 

(Price et al., 2010; Wu et al., 2011).

To con�rm the �delity of the cytokine reporters and con-

�rm additional cytokines secreted by these cells, VAT ILC2s 

(lineage-negative Thy1.2+ CD25+) were puri�ed by �ow cy-

tometry and placed in vitro for 72 h with various cytokines. 

Low amounts of IL-5, IL-6, IL-13, and GM-CSF spontane-

ously accumulated in the VAT ILC2 culture supernatants (Fig. 3, 

d and e, and unpublished data). After addition of IL-33, greater 

amounts of IL-5, IL-6, IL-9, IL-13, and GM-CSF accumulated 

(Fig. 3 d), and these cytokines increased further with the ad-

dition of IL-2 or IL-7, similar to results reported by ILC2s from 

other tissues (Moro et al., 2010; Halim et al., 2012). Together, 

these data suggest that VAT ILC2s spontaneously produce IL-5 

and IL-13, and can respond to IL-33 with high levels of cyto-

kine production, as shown for other ILC2s. Although rare in 

VAT, IL-5+ (Red5+) CD4+ T cells revealed a similar capacity to 

produce IL-2, IL-5, IL-6, IL-13, and GM-CSF after in vitro cul-

ture with PMA/ionomycin (Fig. 3 e). These data indicate IL-5+ 

ILC2s are numerically predominant within VAT, but otherwise 

have a similar cytokine capacity to IL-5+ Th2 cells.

expression on the following VAT populations: CD4+ T cells (CD4), iNKT (aGC-loaded tetramer), CD8+ T cells (CD8), NK cells (NK1.1), CD3+ double-negative 

T cells (CD3), B cells (CD19), macrophages (CD11b), eosinophils (SiglecF), and lin cells (SSC). Cells were pregated as shown in Fig. S2. Data are represen-

tative of two or more experiments.
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could not conclusively identify which cells produced these cyto-

kines (Wu et al., 2011). We used YARG mice containing a 

�uorescent arginase-1 knock-in reporter allele to assess numbers 

of adipose AAMs, as previously described (Reese et al., 2007; 

Wu et al., 2011). As assessed by �ow cytometry of dispersed 

SVF cells, adipose AAMs were depleted in c-de�cient mice 

(Fig. 4 k) and in IL-13 deleter mice (Fig. 4 l), strains that have 

absent or diminished ILC2s. Thus, adipose AAMs as assessed 

by arginase-1 expression are dependent on ILC2s, and loss of 

ILC2s based on their cytokine expression or dependence upon 

the c cytokine chain results in a signi�cant reduction in basal 

adipose AAMs.

Exogenous IL-33 results in ILC2-dependent increases  
in adipose eosinophils and AAMs
ILC2s were initially revealed by their capacity to release IL-13 

and IL-5 in response to IL-25 and IL-33, epithelial cytokines 

ILC2s (Fig. 4 j), and almost complete ablation of adipose eosin-

ophils (Fig. 4 h). Similar to IL-13 deleter animals, VAT 

from IL-5 deleter mice had normal numbers of macrophages, 

CD8+ T cells, and total CD4+ T cells. When assessed speci�-

cally for IL-5+ CD4+ T cells, IL-5 deleter animals also e�ciently 

deleted the rare IL-5+ Th2 cells (Fig. 4 j). However, as ILC2s 

are the predominant IL-5+ VAT cell (85–95%), and VAT 

eosinophils are normal to elevated in T cell–de�cient Rag 

animals (Fig. 4 b), we conclude that ILC2-expressing IL-5 

are the primary cells required for the maintenance of visceral 

adipose eosinophils under basal conditions.

Adipose AAMs, like eosinophils, are present in the SVF 

of VATs in lean mice (Schipper et al., 2012). IL-13, like IL-4, 

can promote an AAM phenotype, which in mice can be re-

vealed by expression of signature target genes such as arginase-1. 

We previously determined a role for eosinophils and hema-

topoietic IL-4/IL-13 in sustaining lean adipose AAMs, but 

Figure 3. VAT ILC2s spontaneously produce IL-5 and IL-13 in vivo and ex vivo, and respond robustly to IL-33. Reporter cytokine expression by 

VAT ILC2s (lin IL7R+ T1/ST2+) from 4get (IL-4 competence), Red5 (IL-5), and YetCre13 x ROSA-YFP (IL-13 reporter) mice (a), with percentages of VAT 

ILC2s positive for each cytokine marker (b) are shown. (c) Representative image shows spontaneous IL-13 reporter+ cells (YetCre13 Y/+ x ROSA-ZsGreen) 

in freshly isolated, whole mounted VAT. (d) VAT total ILC2s (lin thy1.2+ CD25+) were sorted and cultured in vitro for 72 h with the indicated combina-

tions of IL-2, IL-7, IL-33, and PMA/ionomycin, and supernatant cytokine levels were determined (picogram per milliliter). (e) VAT IL-5+ ILC2s (lin thy1.2+ 

Red5+), IL-5+ (Red5+) CD4+ T cells, and IL-5–negative (Red5) CD4+ T cells were cultured with IL-7 (�rst bar) or PMA/Ionomycin (second bar; d and e)  

Results are representative of two or more experiments. (a) Numbers in brackets or over lines indicate percentage of cells within the gate. Nd, not detected.
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Figure 4. VAT eosinophils and AAMs are dependent on ILC2s. (a) C57BL/6 male mice were injected i.p. for the indicated number of days shown 

with 250 µg Edu per mouse. FACS analysis was performed after pre-gating on eosinophils (Fig. S1). Data are from one experiment with three animals per 

group, and are representative of two independent experiments. (b) Frequency of eosinophils among total viable VAT, lung, or spleen cells from WT, Rag2-

de�cient, and Rag2× c–de�cient C57BL/6 mice. Data are representative of three experiments. (c) WT C57BL/6 mice were fed a ND or HFD for 3–4 mo, 

and VAT SVF was examined for immune cell composition. Pooled data from three independent experiments are shown. (d) Correlation between VAT ILC2s 

or VAT CD4+ T cells and VAT eosinophils. Mouse strains shown include Rag x c (Rag2 de�cient x c de�cient), WT B6 (WT C57BL/6), WT BALB (WT BALB/c), 

Rag1/ (Rag1 de�cient), WT B6 HFD (WT C57BL/6 fed HFD for 3–4 mo), IL-13 deleter (YetCre13 Y/Y x ROSA-DTA BALB/c), and IL-5 deleter (Red5 R/R x 

ROSA-DTA C57BL/6). Strains were fed ND unless indicated. Each data point represents pooled data from at least �ve mice over multiple experiments. 

Pearson correlation coef�cient is shown with signi�cance. CD4+ T cell data are not shown for strains on the Rag-de�cient background. (e–i) ILC2s, CD4+  

T cells, CD8+ T cells, macrophages, and eosinophils were enumerated from the VAT (or indicated compartment) from the indicated strains and tissues on a 

BALB/c background (e–g) or C57BL/6 background (h and i). Data were pooled from two or more experiments. (j) VAT IL-5+ (Red5+) ILC2s or IL-5+ (Red5+) 

CD4+ T cells from the strains indicated. (k and l) Arginase-1+ (YFP+) AAMs were enumerated from WT YARG or c-de�cient YARG C57BL/6 basal VAT (k) or 

WT YARG or YetCre13 x ROSA-DTA YARG (IL-13 deleter) BALB/c (l) homeostatic VAT. Results contain pooled data from two or more experiments with  

2–4 mice per experiment. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

http://www.jem.org/cgi/content/full/jem.20121964/DC1
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including the IL-13 deleter and IL-5 deleter (Fig. 6, a, b, e, 

and f ), and in IL7R-de�cient mice (Fig. 6 g, unpublished 

data). In contrast, eosinophil accumulation is normal in re-

sponse to IL-33 in Rag1-de�cient animals that lack B and  

T cells (Fig. 6 c) or in IL-4/-13–de�cient animals (Fig. 6 a). 

Similar to the percentage data (Fig. 6, a, b, and e–g), total  

adipose eosinophils and AAM also accumulate after IL-33 ad-

ministration in an ILC2-dependent manner, although the 

increase is more robust in genetic strains on the C57BL/6 

genetic background (unpublished data). We conclude that ILC2s 

are required for the IL-33–mediated increases in VAT eosin-

ophils and AAM.

VAT Arginase1+ AAMs are dependent on eosinophils 

and IL-4/-13 (Wu et al., 2011); however, the precise cellu-

lar sources of these cytokines are unclear. Loss of VAT ILC2s 

decreases VAT YARG+ AAM (Fig. 4, k and l), but also 

leads to a loss of VAT eosinophils (Fig. 4, b, e, f, and i). 

Therefore, it remained unclear if ILC2s have the capacity  

to promote AAM accumulation independent of eosinophils. 

After IL-33 administration, YARG+ AAM can accumulate 

in VAT independent of eosinophils as revealed in dblGata1 

mutant mice (Fig. 6g), demonstrating that exogenous IL-33 

can induce IL-13 from VAT ILC2s su�cient to promote 

adipose AAM. Nonetheless, our understanding of the rela-

tive contributions of VAT eosinophils and ILC2-derived 

IL-13 to AAM maintenance under homeostatic conditions 

remains incomplete.

Intestinal helminth infection drives ILC2-dependent 
increases in adipose eosinophils
We previously reported that infection of mice with Nippostron-

gylus brasiliensis, a 10-d self-limited migratory helminth infec-

tion, resulted in a prolonged elevation of visceral adipose 

eosinophils that correlated with improved metabolic homeo-

stasis when mice were placed on HFD (Wu et al., 2011). To 

assess whether ILC2 activation, which accompanies N. brasil-

iensis infection (Liang et al., 2012; Neill et al., 2010), is re-

quired for VAT eosinophil accumulation, we infected IL-13 and 

IL-5 reporter mice. By 2 wk after infection, total numbers of 

VAT ILC2s were not increased, but IL-13– and IL-5–secreting 

ILC2s were increased, as assessed using reporter mice (Fig. 7, 

a and b). As compared with control mice, which developed 

robust accumulations of VAT eosinophils, IL-5 deleter (Fig. 7c) 

and IL-13 deleter mice (Fig. 7d) developed little eosinophilia. 

IL-13 cytokine-marked ILC2s remain the predominant IL-

13-expressing cells, similar to basal conditions, although VAT 

IL-13 expressing Th2 cells are modestly increased (Fig. 7a). 

Rag1-de�cient animals accumulate VAT eosinophils similarly to 

WT animals (Fig. 7e). Thus, as with IL-33 administration, hel-

minth infection activates VAT ILC2s to produce IL-5 and  

IL-13, and loss of IL-5- and IL-13–producing cells, but not loss 

of T cells, results in a failure to accumulate VAT eosinophils.

DISCUSSION
ILC2s have been increasingly implicated in host type 2 im-

mune responses associated with asthma and intestinal helminth 

implicated in allergic immunity (Fort et al., 2001; Schmitz  

et al., 2005). IL-33 has been identi�ed in VAT and exoge-

nous IL-33 was shown to promote Th2-associated cytokines 

and to improve insulin sensitivity in obese mice (Miller et al., 

2010). After administering IL-33, we noted the rapid accumu-

lation of eosinophils in VAT that was accompanied by a de-

crease in eosinophils in spleen and bone marrow, which is 

consistent with a rapid redistribution of eosinophils from sys-

temic compartments to VAT (Fig. 5 a). Several types of adi-

pose SVF cells expressed T1/ST2, a nonredundant component 

of the IL-33 receptor, including ILC2s, a proportion of CD4+ 

T cells and, at low levels, eosinophils; VAT macrophages and 

CD8 T cells did not express the receptor under these condi-

tions (Fig. 5 b, unpublished data). VAT T1/ST2+ CD4+ T cells 

were primarily FoxP3+ T reg cells with fewer FoxP3- Gata3-hi 

Th2 cells (unpublished data). In response to IL-33, ILC2s  

rapidly increased their side-scatter and surface CD25 levels,  

as described for lung ILC2s (Bartemes et al., 2012), and de-

creased their surface levels of IL-7R (Fig. 5 d). To con�rm that 

these parameters indicate ILC2 cell activation, we assessed 

the cytokine response of ILC2s in IL-13 and IL-5 reporter 

mice. In IL-13 lineage-tracker mice, where only a subset of 

ILC2s are IL-13 cytokine marked under basal conditions 

(Fig. 3, a and b), increased numbers of IL-13+ (YFP+) ILC2s 

were readily detected after administering IL-33 (Fig. 5 d).  

In contrast, VAT CD4+ T cells revealed minimal increases in  

IL-13+ (YFP+) CD4+ T cells (Fig. 5 c). IL-33 also caused in-

creased �uorescence intensity in VAT ILC2s in IL-5 (Red5) 

reporter mice (Fig. 5 d). Together, these �ndings are consis-

tent with direct activation of ILC2 e�ector function by IL-33. 

After three days of daily IL-33 administration, total VAT eo-

sinophils and macrophages continued to accumulate, although 

ILC2 cell numbers did not signi�cantly increase (Fig. 5 f ). 

Cell populations in the spleen were not signi�cantly a�ected 

during this timeframe (Fig. 5 e). With prolonged IL-33 ad-

ministration, ILC2s accumulate within VAT and systemically, 

as previously described (Neill et al., 2010), accompanied by a 

systemic eosinophilia and macrophage accumulation (Fig. 5, 

g and h). Even after prolonged IL-33 administration, ILC2s 

remain the predominant IL-5+ cells in VAT, and IL-5+ (Red5+) 

CD4+ T cells expand minimally (Fig. S2). In contrast, FoxP3+ 

T reg cells accumulate both systemically, as described pre-

viously (Turnquist et al., 2011; Brunner et al., 2011), and within 

VAT (unpublished data). We conclude that IL-33 rapidly ac-

tivates VAT ILC2s and promotes VAT eosinophils and AAM, 

and, over time, leads to additional local and systemic accu-

mulations of ILC2s and T reg cells.

To assess the requirement for ILC2 cell activation in me-

diating the adipose cellular e�ects of exogenous IL-33, we 

administered IL-33 or control PBS to IL-5 and IL-13 control 

or deleter mice. Similar experiments were performed in con-

trol or deleter mice crossed onto the YARG arginase-1 back-

ground to assess requirements for ILC2s in the accumulation 

of adipose AAMs. Although control mice rapidly increased 

adipose eosinophils and AAMs in response to IL-33, this ef-

fect was abrogated after crossing onto strains de�cient in ILC2s, 
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IL-13 and IL-5 (Fort et al., 2001; Hurst et al., 2002; Schmitz 

et al., 2005). During helminth infection or allergen challenge, 

ILC2s constitute the major innate cell source of these cyto-

kines, and loss of these cells can compromise the host type 2 

immune response (Brickshawana et al., 2011; Chang et al., 

2011; Mjösberg et al., 2011; Moro et al., 2010; Neill et al., 

2010; Price et al., 2010; Halim et al., 2012; Ikutani et al., 2012; 

infection in mice and humans (Brickshawana et al., 2011; 

Chang et al., 2011; Mjösberg et al., 2011; Moro et al., 2010; 

Neill et al., 2010; Price et al., 2010; Halim et al., 2012; Ikutani 

et al., 2012; Klein Wolterink et al., 2012; Liang et al., 2012; 

Klein Wolterink et al., 2012). These cells were �rst identi-

�ed by their capacity to respond to the epithelial cytokines 

IL-25 and IL-33 through the production of large amounts of 

Figure 5. IL-33 promotes ILC2 activation with IL-5 and IL-13 production and rapid VAT eosinophil accumulation. (a) IL-33 (500 ng, gray cir-

cles) or PBS control (black circles) was administered i.p., and then, 12 h later, frequency of eosinophils was determined from VAT SVF, spleen, and bone 

marrow. Data are representative of three or more experiments. (b) Representative histograms of WT (red line) VAT ILC2s (lin IL7R+ CD25+), eosinophils 

(Eos), macrophages (Mac), and CD4+ T cells (gating in Fig. S1), assessed for expression of T1/ST2 (IL-33R) and compared with T1/ST2-de�cient (black lines) 

control animals (c and d) Representative FACS plots 24 h after IL-33 or PBS administration, pregated on CD4+ T cells (c) or lin, non–B cells, and non– 

T cells (d) in IL-13 lineage-tracking mice (YetCre13 Y/+ x Rosa-YFP) or IL-5 reporter mice (Red5 R/+ heterozygotes). Histograms in d are pregated on total 

lin IL7R+ CD25+ VAT ILC2s. (e–h) IL-33 (500 ng, gray circles) or PBS (black circles) was administered daily for three consecutive days (e and f) or every 

other day for three doses (g and h), after which spleen (e and g) or VAT (f and h) eosinophils (Eos), CD4+ T cells (CD4), macrophages (Macs), ILC2s (lin IL7R+ 

CD25+), and total cells were enumerated. Results are representative of two or more independent experiments. Numbers indicate percentages of cells 

within gates. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

http://www.jem.org/cgi/content/full/jem.20121964/DC1
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de�ciency is also associated with a partial loss of B1 B cells 

(Kopf et al., 1996), and these cells might also contribute to 

this phenotype. Loss of eosinophils or IL-5 does not a�ect 

animal food intake or physical exertion, but instead causes  

a decline in oxidative metabolism and energy expenditure 

(heat), ultimately resulting in increased adiposity and meta-

bolic impairment. The precise molecular and cellular mech-

anisms leading to these metabolic alterations remain to be 

determined, but could re�ect increased adipose in�amma-

tion secondary to the loss of adipose eosinophils and AAM. 

Whether eosinophils directly inhibit VAT in�ammation or 

promote a lean state with decreased VAT mass that indirectly 

reduces in�ammation remain intriguing questions. Using �ow 

cytometric phenotyping, in situ imaging, and genetic approaches, 

we demonstrate that ILC2s are normal constituents of peri-

gonadal VAT of the mouse. ILC2s reside in the SVF where 

eosinophils and AAMs are also present. Using cytokine re-

porter mice, we show that ILC2s are the primary producers 

of IL-5 and IL-13 under homeostatic conditions and, as dem-

onstrated by functional deletion, that these cells are required 

for the constitutive localization of eosinophils and AAMs to 

VAT. Further, IL-33, shown to activate ILC2s systemically, 

Klein Wolterink et al., 2012; Liang et al., 2012). Despite subtle 

di�erences in surface markers used to characterize various lab-

oratories’ designation of these cells, their shared genetic and 

functional characteristics suggest a single cell type that is highly 

associated with allergic and antihelminth immunity. Recent 

studies have called attention to additional roles for ILC2-

like cells in in�ammatory processes (Monticelli et al., 2011; 

Chen et al., 2012), including limiting lung damage mediated 

by acute viral infection, potentially implicating ILC2s in re-

parative responses to tissue and organ injury. These studies did 

not �nd a role for IL-13 and IL-5, the canonical cytokines 

released in large abundance by ILC2s, in reestablishing organ 

homeostasis, leaving it unclear what the purpose of these cyto-

kines might be in normal host physiology.

Using metabolic analysis, we demonstrate a role for IL-5 in 

sustaining metabolic homeostasis. As in eosinophil-de�cient 

dblGata1 animals, IL-5 de�ciency promotes increased obesity 

and insulin resistance with HFD. We demonstrate that loss of 

IL-5 leads to a profound decrease in VAT eosinophils, with only 

modest alterations in systemic eosinophil pools, suggesting that 

a loss of VAT eosinophils is responsible for the metabolic 

consequences of IL-5 de�ciency. However, we note that IL-5 

Figure 6. IL-33 induces ILC2-dependent VAT accumulation of eosinophils and Arginase-1+ AAMs. (a–c) VAT eosinophils or VAT YARG+ (YFP+) 

AAM (e-g) determined as a percentage of CD45+ cells (a and b), total viable cells per g (c), or as a percentage of total macrophages (d–g) 24 h after ad-

ministration of 500 ng IL-33 or PBS. (d) Representative FACS plots of YARG+ AAM from the strains indicated, pregated on total macrophages (Fig. S1). IL-13 

deleter mice, YetCre13 Y/Y x ROSA-DTA D/+ BALB/c; IL-5 deleter mice, Red5 R/+ x ROSA-DTA D/+ C57BL/6; mice with YARG reporter as noted (e–g).  

(a–c and e–g) Data were pooled from two or more experiments. Numbers indicate percentages of cells in gate. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

http://www.jem.org/cgi/content/full/jem.20121964/DC1
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to ascertain whether these or additional cytokines are neces-

sary to sustain ILC2 homeostasis and activation in adipose 

tissues. Additionally, ILC2s have been reported to produce a 

variety of factors in addition to IL-5 and IL-13; we have 

con�rmed that VAT ILC2s spontaneously produce IL-5, IL-6, 

IL-13, and GM-CSF protein in culture, and can be induced 

in vitro with exogenous IL-33 or PMA stimulation to pro-

duce these cytokines, as well as IL-2 and IL-9. The impact of 

each of these additional ILC2 cytokines on VAT cellular com-

position and metabolism requires further study.

VAT eosinophils are highly dependent on IL-5. Deletion 

of IL-5+ cells or IL-13+ cells, which are predominantly ILC2s, 

led to profound loss of VAT eosinophils and only minimally 

to eosinophils in other tissues. As such, the VAT eosinophil 

dependence upon IL-5 resembles many models of allergic 

and helminth-induced tissue eosinophilia, which can show 

strong IL-5 dependence (Foster et al., 1996; Kopf et al., 1996; 

Mould et al., 1997). However, ILC2s are widely distributed 

in tissues of unchallenged animals, and their presence alone is 

not associated with tissue eosinophils (Ikutani et al., 2012; 

Price et al., 2010). VAT ILC2s may be relatively more abun-

dant or activated than ILC2s from other tissues, sustaining 

VAT eosinophils and AAM. However, it is also likely that 

other VAT cells and signals contribute to the maintenance  

of these important cellular constituents. Indeed, VAT is an 

ample source of chemokines, including constitutive eotaxin-1 

(Vasudevan et al., 2006), which could promote eosinophil 

tra�cking into VAT. During helminth infections and allergic 

challenge in the lung, IL-5 promotes eosinophil production, 

survival, and retention, whereas IL-13 mediates eosinophil 

induces rapid increases in adipose eosinophils and AAMs that 

are dependent on ILC2s. Similarly, helminth infection pro-

motes VAT eosinophilia that is dependent on ILC2s. In con-

trast, HFD results in a decline in VAT ILC2s that is associated 

with declining eosinophils. These data extend our understand-

ing of these innate lymphoid cells, and, in conjunction with 

previous studies, suggest a mechanism by which metabolic 

needs of the organism might be regulated in response to chronic 

mucosal immune stimulation through activation of ILC2s.

Based on the capacity of epithelial cytokines to activate 

ILC2s, we administered IL-33 to mice and assessed the e�ects 

on adipose tissue. IL-33 rapidly activated ILC2s to increase 

expression of IL-5 and IL-13, and this led to the accumula-

tion of eosinophils and AAMs in adipose tissue. As assessed by 

surface markers, side-scatter characteristics, and cytokine re-

porter expression, IL-33 directly activates adipose ILC2s. 

Deletion of these cells led to loss of eosinophil and AAM ac-

cumulation in adipose. IL-33 is abundant in adipose tissues 

where it may be produced and released by endothelial cells 

(Zeyda et al., 2012). Whether endothelial cells or other adi-

pose cells undergo cell damage or can respond to environ-

mental cues to release IL-33 remains unknown. Administration 

of IL-33 has bene�cial metabolic e�ects in mice, consistent 

with those seen by increased eosinophils and AAMs (Miller 

et al., 2010), suggesting that IL-33–mediated ILC2 activation 

can promote insulin sensitivity.

Interestingly, IL-7 is necessary to sustain ILC2s and has 

also been localized to adipose (Lucas et al., 2012). TSLP is also 

present in adipose tissue (Turcot et al., 2012) and can sustain 

ILC2s in vitro (Halim et al., 2012). Further study is needed 

Figure 7. N. brasiliensis infection promotes ILC2-dependent accumulation of VAT eosinophils. (a–e) Mice were infected with N. brasiliensis and 

VAT was harvested 2 wk post-infection (a–e) and analyzed by �ow cytometry. (a) VAT IL-13 lineage-tracked ILC2s or IL-13+ CD4 T cells (Yetcre13 Y/+ x 

ROSA-YFP) were enumerated. (b) IL-5+ (Red5+) ILC2s were pregated and the median �uorescence intensity of Red5 (tdTomato) was determined. (c) VAT 

eosinophil frequency in IL-5+/ (Red5 R/+ heterozygotes) or IL-5 deleter (Red5 R/R x ROSA-DTA D/D) animals, (d) WT BALB/c or IL-13 deleter mice, or (e) 

WT C57BL/6 or Rag1-de�cient C57BL/6 mice. Data were pooled from two to three experiments (a and c–e) or are representative of three experiments (b). 

*, P < 0.05; **, P < 0.01; ***, P < 0.001.
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insulin-sensitizing products, or through the activation of 

nonshivering thermogenesis (Nguyen et al., 2011; Chawla  

et al., 2011).

Intestinal helminth infections are widespread in feral ani-

mals, suggesting a long-standing mutualism. The host response 

is characterized by chronic type 2 immune responses, includ-

ing the presence of epithelial mucus changes, Th2 cells, ele-

vated IgE and mucosal mast cell hyperplasia, but also chronic 

eosinophilia and the accumulation of tissue AAMs. Similar 

responses, presumably dysregulated, accompany responses 

to ubiquitous environmental antigens in people with allergy 

and asthma. ILC2s respond to epithelial cytokines such as IL-25, 

IL-33, and TSLP, and have been implicated in both antihel-

minth and allergic immunity ((Brickshawana et al., 2011; 

Chang et al., 2011; Mjösberg et al., 2011; Moro et al., 2010; 

Neill et al., 2010; Price et al., 2010; Halim et al., 2012; Ikutani 

et al., 2012; Klein Wolterink et al., 2012; Liang et al., 2012).  

As shown here, adipose eosinophils, which accumulate after 

N. brasiliensis infection (Wu et al., 2011), do not accumulate 

in the absence of ILC2s, although accumulation is normal 

in T cell-de�cient Rag mice. Of interest, both IL-33 ad-

ministration and helminth infection promote insulin sensi-

tivity in mice fed HFD (Miller et al., 2010; Wu et al., 2011), 

suggesting ILC2 activation and/or accumulation may be 

contributing to these metabolic e�ects. Based on prior stud-

ies, release of IL-25 and/or IL-33 during tissue-invasive hel-

minth infection is likely (Moro et al., 2010; Neill et al., 2010), 

but further investigation will be necessary to show de�ni-

tively which cytokines activate VAT ILC2s. The potential 

interactions between VAT ILC2s, Th2 cells and T reg cells, 

and their relative contributions to metabolic pathways during 

homeostasis and after helminth infection remain intriguing 

questions. Understanding the processes that sustain AAMs 

and eosinophils in VATs may o�er new insights toward 

therapeutic strategies attempting to block the adverse e�ects 

of adipose in�ammation and protect against insulin resistance 

and type 2 diabetes. Although further metabolic studies are 

needed, investigations of the role of these unusual innate 

lymphoid cells in adipose and other tissues are warranted, 

and may provide novel insights into more global aspects of 

vertebrate biology.

MATERIALS AND METHODS

Mice. Cytokine reporter mice previously described include 4get mice for 

tracking IL-4 competent cells (Mohrs et al., 2001; Wu et al., 2011), YetCre13 

mice for tracking IL-13–producing cells (Price et al., 2010; Liang et al., 2012), 

and KN2 mice for tracking IL-4–producing cells (Mohrs et al., 2005; Wu  

et al., 2011). Where indicated, YetCre13 mice were crossed onto ROSA26-

eYFP (The Jackson Laboratory) or ROSA26-ZsGreen (Ai6; The Jackson 

Laboratory; Madisen et al., 2010). The eYFP-Cre fusion protein downstream 

of the IL-13 locus in YetCre13 mice mediates deletion of the stop cassette 

from the ROSA26 locus, resulting in constitutive �uorophore expression in cells 

that have expressed IL-13. Newly generated Red5 mice contain a tdTomato-

IRES-Cre replacement allele at the endogenous IL-5 start site, thus replacing 

the endogenous il5 gene with tdTomato and revealing IL-5–expressing cells  

by red �uorescence. Homozygous Red5 mice (R/R) are IL-5 de�cient, as 

both alleles are replaced by the marker construct, whereas heterozygous mice 

have one functional IL-5 copy (R/+). YARG mice contain a YFP marker 

recruitment through the promotion of tissue eotaxins (Blanchard 

and Rothenberg, 2009). In contrast, VAT eosinophils are pres-

ent in the genetic absence of IL-13 or IL-13 signaling (STAT6), 

suggesting that constitutive factors, including eotaxins or other 

chemokines, may help recruit these cells. In addition, VAT 

eosinophil tra�cking requires L- and 4-mediated integrin 

signaling (Wu et al., 2011), indicating VAT endothelium con-

tributes to eosinophil accumulation. Although VAT eosinophils 

are likely sustained by multiple pathways, ILC2s play an in-

dispensable role under our experimental conditions.

Adipose AAMs and eosinophils are present in lean adi-

pose, sustaining resistance of VATs to the proin�ammatory 

e�ects of HFD and obesity (Chawla et al., 2011). Here, we 

demonstrate that ILC2 IL-5 is necessary to maintain VAT 

eosinophils, which are themselves required to sustain popula-

tions of Arginase-1+ AAMs (Wu et al., 2011). ILC2s, in con-

trast to eosinophils (Fig. 2 f), produce ample IL-13 and could 

directly contribute to AAM polarization and maintenance. 

Indeed, with IL-33 stimulation ILC2s appear su�cient to 

promote Arginase-1+ AAM, even in the absence of eosino-

phils. However, under basal conditions, eosinophils also pro-

mote AAM (Wu et al., 2011), suggesting ILC2 IL-13 may be 

insu�cient to fully polarize and maintain VAT AAM under 

resting conditions. Consistent with this hypothesis, only a 

subset of ILC2s is marked for IL-13 expression, even using 

mice with lineage-tracked markers that reveal cells that have 

ever expressed IL-13 through their history. Ultimately, the 

relative contributions of eosinophils and ILC2 IL-13 produc-

tion to AAM maintenance in lean adipose remain to be de-

�nitively elucidated.

The mechanisms by which eosinophils promote AAM 

remain poorly understood. Although IL-4 remains a candi-

date cytokine, only a small subset of adipose eosinophils 

(<1%) were marked for IL-4 protein expression as assessed 

using KN2 mice (Wu et al., 2011). Eosinophils produce 

abundant secreted products, including TGF, proteases, and 

RNase, which could also participate in AAM maintenance 

(Blanchard and Rothenberg, 2009). Adipocytes are also re-

ported to be potential sources of IL-4 and IL-13 (Kang et al., 

2008), but we have not observed �uorescence in adipocytes 

using IL-4 or IL-13 cytokine marker alleles (Wu et al., 2011; 

Fig. 3 c), and il4 and il13 transcripts are primarily found 

within the VAT SVF (Wu et al., 2011). VAT iNKT cells 

were recently proposed to mediate metabolic homeostasis 

and produce abundant IL-4 after TCR-stimulation that 

might promote AAM (Ji et al., 2012a; b; Lynch et al., 2012); 

in our mouse colony, iNKT cells are rare in VAT (Fig. S2). 

Finally, IL-5– and IL-13–expressing Th2 cells accumulate in 

VAT of older animals on normal diet (ND; unpublished 

data), and similar to VAT T reg cells (Feuerer et al., 2009), 

may provide an additional layer of adaptive regulation to 

maintain metabolic homeostasis. How these cells cooperate 

to promote AAM maintenance remains to be determined. 

Further, how AAMs themselves promote insulin sensitivity  

is also unclear, although proposed mechanisms include 

through the production of antiin�ammatory cytokines and 
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manufacturer’s instructions. When used with �uorescent reporter strains, a 

brief 2-min “pre-�x” in 4% paraformaldehyde was performed before pro-

ceeding with eBioscience �x/perm instructions. Edu detection was achieved 

with the Click-it Edu A647 kit, after �rst staining for extracellular surface 

markers, per the manufacturer’s instructions (Life Technologies).

Representative gating schemes for each population are shown in Fig. S1. 

ILC2s are identi�ed as lineage negative (CD11b, F4/80, DX5, CD3, 

CD4, CD8, CD19, SiglecF, FcR1, NK1.1), FSC/SSC-low-to-

moderate, CD45+, CD127 (IL7Ra)+ or thy1.2 (CD90.2)+, and T1/ST2 

(IL33R)+ or CD25 (IL2Ra)+ or KLRG1+, as indicated. CD4+ T cells are 

identi�ed as FSC/SSC-lo, CD45+, CD3+, CD4+. CD8+ T cells are identi-

�ed as FSC/SSC-lo, CD45+, CD3+, and CD8+. Eosinophils are identi�ed 

as CD45+, side-scatter high, DAPI-lo, CD11b+, and SiglecF+. Adipose tissue 

macrophages are identi�ed as CD45+, CD11b+, F4/80+, SiglecF-lo. All pop-

ulations were routinely back-gated to verify purity and gating. Samples were 

analyzed on an LSR II (BD). For cell sorting, a FACS AriaII was used. Live 

lymphocytes were gated by DAPI exclusion, size, and granularity based on 

forward- and side-scatter. Data were analyzed using FlowJo software (Tree 

Star) and compiled using Prism (GraphPad Software). As indicated, VAT 

data were normalized per gram of adipose or as a percentage of total viable 

cells or percentage of CD45+ hematopoietic cells, as indicated.

Cell culture and cytokine analysis. VAT from 8–15 WT C57BL/6 or 

Red5 (R/+) animals was pooled for cell sorting. Sorted ILC2s or CD4+  

T cells were transferred to 96-well plates in 100 l of cRMPI at 1,500 cells 

per well. Cytokines were added to culture media at 10 ng/ml, as indicated. 

PMA was used at 40 ng/ml and ionomycin was used at 500 ng/ml. Human 

IL-2 was used at 10 U/ml, and all other cytokines were purchased from 

R&D Systems. After 72 h of culture, supernatant cytokine levels were ana-

lyzed by cytokine bead arrays (BD) per the manufacturer’s instructions.

Metabolic assays and diet. Male mice were fed normal chow diet (Mouse 

diet 20; PicoLab) and used between 8 and 15 wk of age, unless otherwise 

noted. Where indicated, C57BL/6 WT mice were fed HFD D12492 (60% 

kcal fat; Research Diets, Inc.) for 12–24 wk as noted. To measure animal 

adiposity and lean mass, MRI was performed using an EchoMRI 3-in-1 

machine according to the manufacturer’s instructions (Echo Medical Sys-

tems LTD). Glucose tolerance testing was performed after fasting mice 

overnight for 14 h and challenging with 1.5 g/kg glucose by i.p. injection. 

Fasting blood glucose was measured after a 4-h morning fast. Insulin toler-

ance tests were performed after a 4–5 h morning fast, injecting insulin i.p. 

(0.75 mU/g human insulin; Eli Lilly), and measuring blood glucose at the 

times indicated. Blood glucose was measured at indicated times using a glu-

cometer (Bayer). Whole-animal metabolic analysis was performed using 

CLAMS cages (Comprehensive Laboratory Animals Monitoring System) per 

the manufacturer’s instructions (Columbus Instruments). In brief, animals 

were singly housed and measurements were taken every 12 min for 4 d,  

including oxygen consumption, carbon dioxide output, food consumption, 

water consumption, and three unique measures of movement. Respiratory 

exchange ratio and heat were calculated as VCO2/VO2 (RER) and VO2(3.815 + 

1.232 × RER; heat), respectively. Heat, VO2, and VCO2 were all normal-

ized to e�ective body mass Vxx = Vxx/[(weight(g)/mass unit)]0.75, per the 

manufacturer’s recommendations.

Helminth infection and cytokine administration. 500 third-stage larvae  

of N. brasiliensis, puri�ed as described, were injected subcutaneously into mice 

(Voehringer et al., 2006). Mice were killed at the indicated time points and 

tissues were harvested and analyzed as previously described (Reese et al., 2007; 

Wu et al., 2011). IL-33 (R&D Systems) was given as 500 ng in 0.2 ml PBS i.p.

Microscopy. 5 min before sacri�ce, animals were injected with 20 µg 

CD31-APC (clone 390; eBioscience) to label vasculature. After VAT re-

moval, the tissue was immediately mounted and examined by laser-scanning 

confocal microscopy (Nikon C1si). Images were resolved to 1.2 µm/pixel in 

the x-y plane and 1.0 µm in the z plane.

allele in the arginase-1 gene, permitting identi�cation of AAMs, as previously 

described (Reese et al., 2007; Wu et al., 2011). ROSA-DTA mice contain a 

Cre-�anked �ux-stop sequence upstream of diphtheria toxin  (DTA) in-

serted into the constitutively expressed ROSA26 locus, thus causing Cre- 

expressing cells to be deleted, and have been previously described (Jackson; 

Voehringer et al., 2008)). ROSA-DTA mice were crossed with YetCre13 or 

Red5 mice to create mice in which IL-13– or IL-5–expressing cells are deleted.

Additional mice used in these studies include Rag-de�cient mice (Rag1; 

Jackson Laboratories; (Mombaerts et al., 1992) or Rag2 (Taconic Farms 

RAGN12), Rag2 x c-de�cient mice (Taconic Farms 4111M), eosinophil-

deficient dblGATA mice (Yu et al., 2002), IL-4/-13–deficient mice  

(McKenzie et al., 1999), Stat6-de�cient mice (The Jackson Laboratory;  

Kaplan et al., 1996), IL7R-de�cient mice (The Jackson Laboratory; Peschon 

et al., 1994), and T1/ST2-de�cient mice (Hoshino et al., 1999), and were 

crossed onto cytokine reporter alleles where designated. Mice used for these 

experiments were male animals fully backcrossed on C57BL/6 or BALB/c 

backgrounds, as designated. Mice were maintained in the University of Cali-

fornia San Francisco speci�c pathogen–free animal facility, and all animal pro-

tocols were approved by and in accordance with the guidelines established by 

the Institutional Animal Care and Use Committee and Laboratory Animal 

Resource Center.

Tissue preparation. Perigonadal adipose tissue was used as representative 

VAT in all experiments. Testicles were removed and tissue was kept on ice in 

0.5 ml of adipose digestion medium (low-glucose DMEM, 0.2 M Hepes, and 

10 mg/ml fatty acid-poor BSA [Sigma]). VAT was �nely minced with a mul-

tiple razor blades, dispersed by shaking into 10 ml of adipose digestion me-

dium containing 0.2 mg/ml Liberase Tm (Roche) and 25 µg/ml DNase I 

(Roche) at 37°C for 30–40 min with gentle agitation, and passed through 

100-µm �lters to generate single-cell suspensions. Filters were washed with  

10 ml FACS bu�er (PBS, 3% FCS, 0.05% NaN3) and supernatants pooled. 

Cells were centrifuged at 1,000 g for 10 min and the cell pellets were resus-

pended in 5 ml FACS bu�er, transferred to fresh tubes and centrifuged at 

1,500 rpm for 5 min. The red blood cells were lysed using PharmLyse (BD) 

for 1 min, and the remaining cells were washed with FACS bu�er, incubated 

with FcBlock, and stained with the indicated antibodies.

Spleen was prepared by mashing tissue through 70-µm �lters without tis-

sue digestion, and processing similar to VAT. Bone marrow was prepared by 

carefully dissecting one femur and tibia, liberating hematopoietic cells with 

mortar and pestle into 10 ml FACS bu�er, passing through a 70-µm �lter, and 

processing similar to VAT. Whole lung was prepared by harvesting both lung 

lobes into 5 ml DMEM media with 0.2 mg/ml Liberase Tm and 25 g/ml 

DNase 1, followed by tissue dissociation (GentleMacs; Miltenyi Biotec) using 

the “lung1 program,” followed by tissue digestion for 30 min at 37°C with 

gentle agitation. Samples were processed on the GentleMacs using the “lung2” 

program, passed through 70-µm �lters, and processed as described for VAT.

Flow cytometry. Monoclonal antibodies used for �ow cytometry were as 

follows: allophycocyanin (APC)-eFluor 780-anti-CD4 (RM4-5; eBioscience); 

Qdot605-anti-CD4 (S3.5, Invitrogen); phycoerythrin (PE)-anti-Siglec-F 

(E50-2440; BD); APC- or Brilliant Violet 650– or Paci�c Blue (PB)– anti-

CD11b (M1/70; BioLegend); PE-Cy7- or PerCPCy5.5- anti-F4/80 (BM8; 

eBioscience); biotin-anti-pan-NK (CD49b; DX5; eBioscience), PB- anti-

NK1.1 (PK136; BioLegend), biotin-anti-FcRI (MAR-1; eBioscience); PB- 

or Alexa Fluor 488– or PerCPCy5.5- anti-CD3e (17A2; BioLegend); 

PB-anti-CD8 (53–6.7; BioLegend); PerCPCy5.5-anti-CD19 (1D3; BD); PB- 

anti-CD19 (6D5; BioLegend), APC- or PE-anti-CD25 (IL2R, PC61;  

BioLegend); PerCPCy5.5- or PE-Cy7-anti-CD127 (IL7R, A7R34; eBio-

science); Biotin-anti-T1/ST2 (DT8; MD Biosciences); APC- or APC-Cy7-

anti-CD45 (30-F11; BioLegend). Secondary �uorophore for biotin-conjugated 

antibodies were eF605 (eBioscience), APC (BD), or FITC (BD). CD1d-aGC 

loaded and unloaded tetramer (PE or APC) were obtained from the National 

Institutes of Health tetramer facility. PE-Cy7 FoxP3 (FJK-16S; eBioscience) 

and A647 Gata3 (TWAJ; eBioscience) were used after �rst using a �xable 

live/dead stain (Invitrogen), and then �xing and permeabilizing cells per the 
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